Background: Postsynaptic neuroligins play essential roles in synaptic maturation and function. Results: Drosophila Neuroligin3 regulates neuromuscular junction growth, GluRIIA recruitment, synaptic vesicle recycling, and postsynaptic density maturation. Conclusion: This elucidates the in vivo roles of Drosophila Neuroligin3 in development and synaptic differentiation of NMJs. Significance: This highlights that Drosophila can be used to understand and uncover functional diversity in neuroligins.
Chemical synapses are the fundamental units of neuronal circuits and are important for virtually every aspect of nervous system function. Among the many molecules that are known to affect synapse formation and function, the trans-synaptic complex neurexin-neuroligin has captured special attention because of their trans-synaptic interaction property and has demonstrated synaptogenic effects (1) (2) (3) . Human genetic stud-ies have also indicated that neuroligins (Nlgs) 3 are linked to a number of neurodevelopmental and mental disorders such as autism and schizophrenia (4 -6) , underscoring the importance of these proteins in brain development and function.
Nlgs were initially identified as the postsynaptic partners for the presynaptic protein neurexin (7) (8) (9) . In mice, there are four neuroligin genes (Nlg1-4), although Nlg1 and Nlg2 are preferentially expressed at excitatory and inhibitory synapses, respectively (10, 11) , and Nlg3 is present at both types of synapses (12) . When expressed in cultured non-neuronal cells, Nlgs can trigger the assembly of presynaptic specialization (2) . In addition, overexpression of Nlgs in cultured neurons increases the number of synapses and potentiates synaptic function (1, (13) (14) (15) . These in vitro results suggest that Nlgs may play a key role in synapse formation. However, recent in vivo studies in mice showed that although deletion of Nlgs drastically affects synaptic strength, it has minimal effect on synapse number (16) . These results have led to the proposal that Nlgs are specifically important for synaptic maturation and function but not for initial synapse formation (13, 17) . Interestingly, a more recent study using a combination of sparse knockdown of Nlg1 and two-photon glutamate uncaging showed that Nlg1 does play an essential role in activity-dependent spinogenesis and does regulate cortical synaptogenesis and synapse number (18) .
Compared with the mammalian brain, Drosophila NMJs provide a relatively simpler and genetically more amenable system to dissect the molecular mechanisms underlying synapse development and maturation. Similar to mammals, the Drosophila also has four Nlgs (dnlg1-4) (19, 20) . We and others have previously shown that although DNlg1 is specifically expressed at NMJs, DNlg2 is expressed in both NMJs and CNS, and loss of either dnlg1 or dnlg2 causes deficits in bouton development (i.e. reduced bouton number) and postsynaptic assembly (19 -21) . Our more recent study about dnlg4 suggests that DNlg4 is expressed in large ventral clock neurons and is essen-* This work was supported by Natural Science Foundation of China Grant tial for sleep regulation (22) . These results support a critical role for DNlgs in synaptic development and maturation. However, the roles of dnlg3 have yet to be determined.
In this study, we investigated the role of DNlg3 at Drosophila NMJs by generating and analyzing dnlg3 mutant flies. To our surprise, we found that dnlg3 null mutants had an opposite effect on bouton development compared with dnlg1 or dnlg2 null mutants. In addition, pre-and postsynaptic differentiations were impaired in dnlg3 mutants, such as abnormal synaptic vesicle endocytosis, increased PSD length, and reduced GluRIIA level. These results suggest that DNlg3 plays important roles in NMJ development and synaptic differentiation.
EXPERIMENTAL PROCEDURES
Fly Stocks and Cloning of Full-length dnlg3 cDNA Clones-The muscle-specific line 24B-Gal4 was obtained from the Kyoto stock center. PBac{WH}CG34127 f00777 (abbreviated as dnlg3 f00777 ), MHC-Gal4, and Elav-Gal4 were obtained from Bloomington stock center. UAS-DNlg3 transgenic flies were generated by injecting w 1118 with a pUAST vector containing the full-length DNlg3 protein coding sequence. Elav-Gal4/ ϩ(Y);dnlg3 KO88 /dnlg3 KO127 ,UAS-DNlg3 and MHC-Gal4/ϩ(Y); dnlg3 KO88 /dnlg3 KO127 ,UAS-DNlg3 flies were used as neuronand muscle-specific rescue lines. In this study, w 1118 flies were used as wild-type (WT) controls.
Generation of dnlg3 Null Mutant-The Ends-out technology used to knock out the dnlg3 gene was described previously (20, 23) . Briefly, two pairs of primers (5Ј-ATCCGTACGGGCAAT-GAAGAGAAGCAGAT-3Ј and 5Ј-ATCGGCGCGCCCTGC-TGCGTTTTCTGAATGC-3Ј; 5Ј-ATCGGTACCCTGTCAC-CTGTCTGCCCTTT-3Ј and 5ЈATCGCGGCCGCGTTGCT-GCTCCATTCCCACG-3Ј) were used to amplify two homologous fragments (upstream arm, Ϫ4739 to Ϫ1556; downstream arm, 2293-5243) of the dnlg3 locus from w 1118 genomic DNA. These fragments were then subcloned into the PW25 vector, and the recombinant vector was used for injecting the w 1118 embryos. Virgin donor flies bearing the targeting construct on the third chromosome were crossed to yw; P(70hsFLP70hsI-S-ceI)/Cyo (Bloomington stock center 6934) flies and the firstinstar progeny larvae were heat-shocked for 90 min at 38°C to induce homologous recombination. DNA primers (5Ј-CGCT-GCTTTGTCGTGGGTAA-3Ј and 5Ј-TGGTTCCGAGTGGT-TCATTT-3Ј) were used for screening and confirming the targeted flies. Two independent targeted mutant lines, dnlg3 KO88 and dnlg3 KO127 , were obtained.
Adult and Larval Locomotion-For adult locomotor activity assay, 2-4-day-old male flies raised in standard food were placed in 51 ϫ 5-mm transparent tubes with enough food. Locomotor activity was monitored by MB5 MultiBeam Activity Monitor (Trikinetics), and 17 independent IR beams per tube were used to detect activity. Locomotor activity was tracked as numbers of beam-crossings per unit of time, usually 1-min intervals. We chose time 19:00 -20:00 for statistic assay, because of high locomotor activity in this time range.
To monitor larval locomotion, transparent dishes (diameter, 15 cm) with 6% agar substrate were used as an arena for crawling larvae. Grape juice was added until the substrate obtained a dark purple color. In each trial, a single wandering third-instar larva was chosen from the vial and transported to the center of the arena. The movement of larvae was visualized via a standard commercial video camera (resolution Ͼ640 ϫ 480) for 3 min. Tracker software was written in Python to track the trajectory, and 3-min trajectory distances were calculated for assessing larval locomotion activity.
Antibody Production, Western Blot Analysis-To generate a DNlg3 monoclonal antibody, a recombinant protein containing C-terminal 119 amino acids (His-1011 to Gln-1129) fused with the His 6 tag at the N terminus was used as an antigen. The same C-terminal amino acids fused with glutathione S-transferase were used for screening for the monoclonal cells bearing the antibody. The specificity of the antibody was confirmed by using dnlg3 null mutant flies.
The procedure for Western blot analysis was described previously (20) . In brief, adult fruit fly heads, ventral nerve cord (VNC), and muscle filament were homogenized with 1ϫ SDS loading buffer (50 mM Tris-HCl, 2% SDS, 0.1% bromphenol blue, 10% glycerol, 1% ␤-mercaptoethanol), and the total protein lysates were separated on an 8% SDS-polyacrylamide gel and electrotransferred onto polyvinylidene difluoride membranes. Immobilized proteins on the membrane were probed with primary antibodies at 4°C overnight. The primary antibodies used for Western blot analysis were anti-DNlg3 (1:1000), anti-DNrx (1:400), anti-GluRIIA (DSHB; 1:30), anti-DLG (DSHB; 1:1000), and anti-tubulin (DM1A; Sigma 1:8000). The samples were then incubated with HRP-conjugated secondary antibodies at room temperature for 1 h, and the targeted proteins were visualized with the Qentix Western signal enhancer and SS West Pico substrate detection system (Thermo Scientific).
Immunochemistry-Immunostaining of larval or embryonic samples was performed as described previously (20) . Briefly, fixed samples were washed four times in 0.3% PBST (PBS ϩ 0.3% Triton X-100) rapidly, blocked in the blocking solution for 1 h, incubated with primary antibody at 4°C overnight, followed by appropriate secondary antibodies for 1 h at room temperature. The following primary and secondary antibodies were used: rabbit anti-HRP (1:1000; Jackson ImmunoResearch, West Grove, PA); rabbit anti-GluRIII (1:2500) and rabbit anti-GluRIIB (1:2000; gifts from A. DiAntonio, Washington University, St. Louis, MO); mouse anti-Brp (nc82; 1:25; DSHB), mouse anti-GluRIIA (8B4D2; 1:25; DSHB), mouse anti-DLG (4F3; 1:50; DSHB), mouse anti-FasII (1D4;1:25; DSHB), and mouse anti-synaptotagmin (3H2D7; 1:25; DSHB); and fluorophoreconjugated secondary antibodies (Invitrogen, 1:500). Following the antibody incubation, the samples were washed extensively and mounted in VectaShield mounting medium (Vector Laboratories). All images were collected using a Carl Zeiss LSM 510 confocal station and analyzed with ImageJ software (National Institutes of Health).
For the analysis of NMJs, wandering third-instar larvae were selected and dissected. For quantifications of the bouton number, dissected body wall muscle samples were stained with HRP and DLG, and the NMJs of muscle 4 of abdominal segments 3 and 4 were collected. For quantifications of bouton size, the three biggest boutons of type Ib boutons at NMJ4 were measured using ImageJ software (National Institutes of Health).
Electrophysiological Recordings-Procedures for conventional intracellular recordings for assessing NMJ neurotransmissions were described previously (20) . Briefly, wandering third instar larvae were dissected in Ca 2ϩ -free HL3.1 saline and recorded in HL3.1 saline containing 0.8 mM Ca 2ϩ . Microelectrodes (20 -50 megohms) were pulled from the borosilicate glass (WPI) with a glass puller (P-2000; Sutter Instruments) and filled with 3 M KCl. Recording were performed at 20 -22°C with an axoclamp 2B amplifier (Molecular Devices) in Bridge mode. Recording data were collected with pClamp9.1 software (Molecular Devices) and digitized by a digitizer 1322A (Molecular Devices). EJPs were evoked with a Grass S48 stimulator (Astro-Grass Inc) at 0.3 Hz with supra-threshold stimulating pulses and were obtained at muscle 6 of abdominal segment 3. Five EJP responses were collected for each animal. Miniature EJPs (mEJPs) were recorded for a period of 120 s after the EJP recording. Data were processed with mini-analysis (Synaptosoft) software and statistically evaluated with SigmaPlot software. Only the recordings with resting membrane potentials ranging from Ϫ60 to Ϫ65 mV were used for analysis.
EM-The methods for third-instar larval NMJ6/7 EM used in this study were described in previous reports (20, 24) . In brief, third-instar larvae were rapidly dissected in Ca 2ϩ -free HL3.1 solution (in mM: 70 NaCl, 5 KCl, 4 MgCl 2 , 10 NaHCO 3 , 5 trehalose, 115 sucrose, and 5 HEPES, pH 7.2). The dissected thirdinstar body wall muscles (NMJ 6/7; segment A3) were first fixed for 4 h at 4°C in 2% glutaraldehyde and 2% paraformaldehyde in 0.1 M sodium cacodylate buffer, pH 7.2. The samples were then fixed at 4% glutaraldehyde overnight. After overnight fixation, the samples were washed four times with washing buffer (0.1 M sodium cacodylate buffer, pH 7.2), and postfixed for 1.5 h with washing buffer containing 1% osmium tetroxide. After washing rapidly three times in distilled water, the samples were stained for 1 h on ice with 1% uranyl acetate in distilled water. After washing rapidly one time with distilled water, samples were dehydrated at room temperature with increasing ethanol concentrations, infiltrated in Epon resin (first in 100% EtOH/Epon at 1:1, for 30 and 90 min, and then in 100% Epon overnight), and embedded in three successive steps at 30, 45, and 60°C, each lasting for 24 h. The samples were then trimmed. Series of 80-90-nm ultrathin sections were cut with a 35°diamond knife (Diatome) on a Reichert ultracut ultramicrotome (Leica) and mounted on Formvar-coated grids. The sections were finally stained in uranyl acetate and lead citrate. Micrographs were obtained with a Philips EM 301 transmission electron microscope.
FM1-43 Uptake Assay-Procedures for FM1-43 loading and unloading assays were described previously (25) . Wandering third-instar larvae were dissected in Ca 2ϩ -free HL-3 solution and washed with the same solution. To load the fluorescent FM1-43 dye, the samples were stimulated by adding a high K ϩ (90 mM) solution containing 4 M FM1-43 dye and 1.5 mM Ca 2ϩ for 2 min. The samples were then washed five times with Ca 2ϩfree HL-3 solution for 5 min. The loaded NMJ were collected by a Carl Zeiss LSM 510 confocal station with a ϫ40 water-immersion lens. For unloading assay, the same NMJs were used and were rested for 5 min, and high K ϩ solution without FM1-43 dye was added to the samples for 1 min to elicit exocytosis and then washed five times for 5 min with a generous amount of HL-3 solution without Ca 2ϩ . The components of HL-3 solution were as follows: 110 mM NaCl, 5 mM KCl, 10 mM NaHCO 3 , 5 mM HEPES, 30 mM sucrose, 5 mM trehalose, 10 mM MgCl 2 , pH 7.2. High K ϩ solution contained 90 mM KCl, whereas NaCl was reduced by an equivalent amount.
Quantification of Fluorescence Intensity-For comparisons of fluorescent intensities between genotypes, all samples were dissected and fixed under identical conditions, processed in the same vials, and collected under the same microscope setting, and all assays were repeated at least three times. For each channel, the sum of pixel intensities was recorded by software ImageJ. We used anti-HRP staining as control (20, 26) . The ratio of anti-Brp/anti-HRP, anti-DLG/anti-HRP, anti-synaptotagmin/anti-HRP, anti-fasciclin II/anti-HRP, anti-GluRIIA/ anti-HRP staining intensity was calculated for each genotype in 
RESULTS

Reduced Locomotor Activity in dnlg3
Null Mutants-The Flybase information on the dnlg3 gene (CG34127) indicates that the gene is located on the right arm of chromosome three at a cytological position at 84D10 -84D11 spanning approximately a 60-kb DNA fragment with 14 exons and 13 introns, and it encodes a protein of 1159 amino acids. The DNlg3 protein is predicted to have all of the typical domains found within Nlgs, including an N-terminal signal peptide, an acetylcholinesterase-like domain, a single transmembrane domain, and a C-terminal domain containing a PDZ-binding motif ( Fig. 1A) .
To address the in vivo function of the dnlg3, we used the Endsout method to generate dnlg3 knock-out mutants whereby 3849 bp of a dnlg3 genomic DNA fragment (Ϫ1556 -2293 bp) was replaced by a mini-white gene (Fig. 1, B and C). Because the donor construct was docking on chromosome 3, the same chromosome as the dnlg3 gene, we used PCR analysis to screen knock-out mutants, and the PCR primers F1 and R1 are shown in Fig. 1C . As predicted, an ϳ5.7-kb band was obtained in mutants but not in the control flies ( Fig. 1D ). Two independent knock-out lines, dnlg3 KO88 and dnlg3 KO127 , were obtained. Western blots and immunostaining assays were used to analyze DNlg3 expression in dnlg3 mutants. It is important to note that our antibody detected two major bands in WT flies (a predicted 130 kDa and a smaller 90 kDa), suggesting that the protein might undergo extensive post-translational modifications, but importantly, both forms were absent in the null mutants flies (Fig. 1E ). It was also noted that the piggybac of PBac{WH}CG34127 f00777 insertion also disrupted DNlg3 expression ( Fig. 1E ). Immunostaining results showed that in the embryonic and larval stage, DNlg3 protein was enriched in the central nervous system but absent in dnlg3 mutants ( Fig. 1 ,
The dnlg3 mutants were viable and fertile with no obvious abnormalities in body size or morphology; however, both larvae and adults of dnlg3 mutants showed reduced locomotor activity (Fig. 1, J and K) , which might suggest impaired synaptic function at the neuromuscular junction or in the central nervous system. NOVEMBER 14, 2014 • VOLUME 289 • NUMBER 46
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Normal Expression and Localization of DNrx in dnlg3
Mutants-Because of a low level of DNlg3 protein at the NMJs or a low affinity of the DNlg3 antibody, we were not able to detect any endogenous DNlg3 immunoreactivity signals at WT NMJs. We therefore generated a DNlg3 overexpression line with a muscle-specific MHC-Gal4 in a WT background. In this line, DNlg3 protein was seen to be concentrated at type I boutons, and co-localized with DLG signals (Fig. 2, A and AЉ) . To confirm whether DNlg3 is expressed at the body wall muscle endogenously, we carefully dissected wild-type larval VNC and body wall muscle tissues, respectively, and extracted mRNA from both tissues, and then we performed reversed PCR using dnlg3 primers and ␤-tubulin primers. It is shown that both VNC and body wall muscle have dnlg3 mRNA (Fig. 2B) . These results suggest that DNlg3 was expressed at body wall muscle and can be targeted to postsynapse at NMJs.
As we know Drosophila has only one neurexin gene, dnrx (27, 28) , we wanted to know whether DNrx expression and localization are altered in dnlg3 mutants. First, we examined expression and localization of DNrx in both WT and dnlg3 mutants central nerve system. Similar to WT, DNrx could be targeted to the synapse-rich region and neuropil region in dnlg3 mutants ( Fig. 1, F-IЈ) , and the level of DNrx protein was not changed ( Fig. 2E ).
To examine DNrx localization at NMJs, the full-length cDNA of DNrx transgenic flies was used and expressed in presynaptic motoneurons. Overexpressing DNrx with OK6-Gal4 in both wild-type and dnlg3 mutants showed that the localization of DNrx in both lines was similar ( Fig. 2 , C-DЉ). These results indicated that DNrx expression and localization were not altered in dnlg3 mutants.
Impaired Synaptic Transmission in dnlg3 Null Mutants-As postsynaptic adhesion molecules, Nlgs play essential roles in synaptic transmission (13, 16) . To investigate whether synaptic transmission was affected in dnlg3 mutants, we performed electrophysiological recordings at NMJs of the third instar larvae. We examined both evoked and spontaneous responses under approximately physiological conditions containing 0.8 mM Ca 2ϩ
. We found that the amplitudes of both excitatory junction potential (EJPs) and miniature excitatory junction potential (mEJP) frequencies were significantly reduced in dnlg3 KO127 mutants compared with the WT controls ( Fig. 3, A- results were seen in dnlg3 KO88/f00777 mutants (Fig. 3, C and E) , indicating that those phenotypes are caused by dnlg3 mutation. We also found that the mEJP amplitudes were decreased slightly but not significantly altered in dnlg3 mutants compared with WT controls (Fig. 3F) . Thus, the properties of synaptic transmission were altered in dnlg3 mutants.
Increased Bouton Number and Decreased Bouton Size in dnlg3 Null
Mutants-In vivo studies in mice have shown that loss of Nlgs results in impaired synaptic transmission and plasticity but with no significant changes in synapse formation or synaptic morphology (13, 16, 29) . In Drosophila, however, both DNlg1 and DNlg2 have been shown to be important for both NMJ development and function; loss of dngl1 or dnlg2 resulted in reduced bouton number, altered synaptic structures, and impaired synaptic transmission (19 -21) . To deter-mine whether the reduced synaptic transmission observed in dnlg3 mutants was caused by morphological changes in synaptic number or synaptic development, we first analyzed the overall morphology of NMJs in both dnlg3 null mutants and WT controls by co-labeling the NMJ with anti-HRP and anti-DLG antibodies, noting that HRP and DLG are a pan-neuronal and a postsynaptic subsynaptic reticulum (SSR) marker used for assessing presynaptic bouton and postsynaptic properties, respectively. To facilitate quantitative analysis, we focused on type Ib boutons in muscle 4 of abdominal segment 3/4. Previous studies have shown that NMJs in muscle 4 have more than two dozen type Ib boutons with large sizes and display a stereotypic branching pattern (27) . Specifically, we analyzed bouton number and bouton size in the third-instar larvae. Similar to dnlg1 and dnlg2 mutants, synaptic boutons were formed in dnlg3 mutants, and the overall pattern of innervations appeared normal. However, different from dnlg1 and dnlg2 mutants, dnlg3 null mutants showed an increase in bouton number and a decrease in bouton size compared with WT controls (Fig. 4, A-C) . These changes could be rescued with the muscle-specific MHC-Gal4 but not by neuron-specific Elav-Gal4 (Fig. 4, A-C) . To determine whether the increased bouton numbers were attributable to the increased extent of synaptic arboration in dnlg3 mutants, we measured the branch numbers and found that branch numbers were similar in all genotypes (Fig. 4D) . These results suggested that DNlg3 plays a distinct role from DNlg1 and DNlg2 in NMJ development/maturation.
Decreased Bouton Number and Increased Bouton Size in DNlg3 Overexpression
Lines-In vitro studies have indicated that overexpression of the mammalian Nlgs and their partners, Nrxs, induces new synapse formation and increased synapse number in culture cells (2, 3, 10, 30) . In Drosophila, neuronal expression of DNrx in a WT background promotes proliferation of synaptic boutons (27) , and overexpression of DNlg2 with actin-Gal4 also increases bouton growth (21) . However, overexpression of DNlg1 with muscle-specific Mef2-Gal4 leads to a decrease of bouton growth due to interference with presynaptic DNrx function (19) . To test whether DNlg3 could exert a positive effect in promoting growth of NMJs, we expressed DNlg3 with both neuron-and muscle-specific Gal4 drivers in a WT background. As shown in Fig. 4A , overexpression of DNlg3 with the Elav-Gal4 driver did not result in any significant changes in bouton number or bouton size compared with WT controls. However, overexpression of DNlg3 with muscle drivers significantly reduced bouton numbers (Fig. 4, A and B) . In addition, the reduction in bouton numbers appeared to be correlated with the amount of DNlg3; expression of DNlg3 using one copy of MHC-Gal4 resulted in an ϳ30% reduction in bouton number, whereas DNlg3 expression using one copy of 24B-Gal4 resulted in about a 50% reduction in the bouton numbers, noting that MHC-Gal4 is a weak Gal4 but 24B-Gal4 is a strong Gal4 (31) . Expression of DNlg3 using two copies of the 24B-Gal4 drivers with two copies of the UAS-DNlg3 resulted in larval lethality (data not shown). In contrast to dnlg3 null mutants, overexpression of DNlg3 with MHC-Gal4 significantly increased bouton size compared with WT (Fig. 4, A and  C) . Because the bouton morphology in the 24B-Gal4 driver line was abnormal (Fig. 4A) , we were not able to quantify the bouton size in this line. Also the branch numbers were not altered in overexpression lines (Fig. 4D) . Both loss-of-function and gainof-function studies suggested an important role of DNlg3 in the development/maturation of NMJs. Impaired Postsynaptic GluRIIA Targeting in dnlg3 Null Mutants-To clarify the function of DNlg3 in synaptic maturation, the expressions of some synaptic proteins were analyzed in dnlg3 mutants. We examined active zone protein Brp (Fig. 5A) , synaptic adhesion molecule FasII (Fig. 5B) , synaptic vesicle protein synaptotagmin (Syt) (Fig. 5C ), and subsynaptic reticulum protein Discs large 1 (DLG, homologous to mammal PSD95) (Fig. 5D ), and we found that the distribution and level of these proteins appeared normal in dnlg3 mutants. Previous studies have indicated that Nlgs are important for synaptic targeting of postsynaptic receptors (32, 33) . We also examined postsynaptic receptors; at NMJs, there are two subtypes of glutamate receptors characterized by the presence of either the GluRIIA or GluRIIB subunit together with shared GluRIII, GluRIID, and GluRIIE. GluRIIA-and GluRIIB-containing receptors are spatially segregated but can coexist within individual synapses (34 -39) . We examined GluRIIA and GluRIIB, respectively. As shown in Fig. 5, E and F, the level of synaptic GluRIIA, but not GluRIIB, was significantly reduced in dnlg3 null mutants, compared with controls. Importantly, the reduction in GluRIIA in dnlg3 null mutants was fully rescued by postsynaptic expression of DNlg3 (Fig. 5G) . Consistent with this, the reduced GluRIIA subunit was observed in dnlg3 mutants by Western blotting (Fig. 5H) . These results suggest that DNlg3 specifically regulates GluRIIA-containing glutamate receptors at NMJs.
Ultrastructural Synaptic Defects in dnlg3 Null Mutants-A reduction in bouton size suggested that the ultrastructure of NMJs might be altered in dnlg3 mutants. Therefore, we analyzed the structural properties of both presynaptic and postsynaptic components on EM graphs. The overall gross anatomy of the bouton characterized by the presence of T-bars, synaptic vesicles, and PSD could be formed in dnlg3 null mutants (Fig. 6,  A and B) , indicating that DNlg3 was not absolutely required for synaptic formation. Different from the dnlg1 and dnlg2 mutants, the relative SSR area was normal in dnlg3 mutants compared with the WT controls (data not shown), noting that SSR area was significantly reduced in both dnlg1 and dnlg2 mutants (19, 20) . However, the presynaptic vesicle size and density were changed in dnlg3 mutants, including reduced vesicle number and increased vesicle size in dnlg3 mutants (Fig. 6,  B, E, G, and J) . Histogram plots of the synaptic vesicle size distribution showed an overall shift in the distribution of synaptic vesicle diameter toward larger values in dnlg3 mutants (Fig.  6H ). In addition, the number of large vesicles (Ͼ80 nm in diameter, presumably endosomes, called cisternae) (40) were dramatically increased in dnlg3 mutants (Fig. 6I ). Importantly, FIGURE 5 . Impaired GluRIIA recruitment and normal distribution and protein levels of Brp, FasII, Syt, DLG, and GluRIIB in dnlg3 mutants. A-F, type Ib boutons at NMJ6/7 of segment A3 costained for the active marker Brp and HRP in WT (n ϭ 9) and dnlg3 mutants (n ϭ 9) (A); synaptic adhesion molecule fasciclin II (FasII) and HRP in WT (n ϭ 9) and dnlg3 mutants (n ϭ 9) (B); synaptic vesicle protein Syt and HRP in WT (n ϭ 9) and dnlg3 mutants (n ϭ 9) (C); subsynaptic reticulum marker DLG and HRP in WT (n ϭ 9) and dnlg3 mutants (n ϭ 9) (D); GluRIIA and HRP in WT (n ϭ 8) and dnlg3 mutants (n ϭ 8) (E); GluRIIB and DLG in WT (n ϭ 8) and dnlg3 mutants (n ϭ 8) (F). Note that the distribution and protein levels of Brp, FasII, Syt, DLG, and GluRIIB were normal in dnlg3 mutants compared with WT controls, and although the distribution of GluRIIA was normal, protein level was significantly reduced in dnlg3 mutants compared with WT controls. these changes could be fully rescued by muscle expression of DNlg3 (Fig. 6, G-J) . Interestingly, despite a reduction in bouton size, the length of PSDs was significantly increased in dnlg3 null mutant compared with the WT control (Fig. 6K ), and this change was partially rescued by expression of WT DNlg3 with MHC-Gal4 (Fig. 6K) . Thus, DNlg3 is essential for a proper structural organization of the pre-and postsynaptic site at of NMJs.
Impaired Synaptic Endocytosis in dnlg3 Mutants-Enlarged synaptic vesicles and more cisternaes have been reported in mutants with impaired endocytosis, such as AP180/lap, cyfip, synaptotagmin, synaptogyrin, dap160, tweek, and eps15 mutants (41) (42) (43) (44) (45) (46) (47) , suggesting that DNlg3 may regulate endocytosis and/or vesicle recycling. To explore whether endocytosis and/or vesicle recycling is altered in dnlg3 mutants, we turned to the styryl dye FM1-43, which can be taken up in a synaptic vesicle by endocytosis and released by exocytosis. Compared with the wild type, which showed strong dye signaling at the synaptic bouton, dnlg3 mutants showed a markedly reduced amount of loaded dye (Fig. 7, A-C) . The relative fluorescent intensity of dnlg3 mutants was about 70% that of the wild-type controls. We also examined the capacity of dnlg3 mutants and wild-type boutons to unload dye after 1 min of incubation in high K ϩ solution to determine whether exocytosis is impaired in dnlg3 mutants. Correspondingly, the amount of the remaining dye in dnlg3 mutants was also reduced compared with wildtype controls (Fig. 7, B and C) . However, the ratio of unloaded to loaded FM1-43 intensity was not different between dnlg3 mutants and wild-type controls (Fig. 7D) , indicating that vesicle exocytosis was normal in dnlg3 mutants. This result suggested that synaptic endocytosis but not exocytosis was impaired in dnlg3 mutants. ; the number of vesicles in a 250-nm radius around the T-bar (J); and PSD length (K) in WT, dnlg3 mutant, and rescue line. Note that the number of cisternae was significantly increased in dnlg3 mutants and could be fully rescued with MHC-Gal4 (I); the number of vesicles around the T-bar was significantly reduced in dnlg3 mutants and could be fully rescued by muscle-specific Gal4 MHC-Gal4 (J); the length of PSDs below the presynaptic T-bars was significantly increased in the dnlg3 mutant, and again this change was partially rescued by the MHC-Gal4 line (K). The number of samples analyzed is indicated. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001, Mann-Whitney test. Scales bars: A-C, 0.5 m; D-F, 0.2 m.
DISCUSSION
Four neuroligin genes have been identified in Drosophila. Previous studies have established the role of dnlg1, dnlg2, and dnlg4 (19, 20, 22) , but the role of DNlg3 had yet to be investigated. In this study, we have shown that DNlg3 played an important role in NMJ development and synaptic maturation. We found that dnlg3 mutants showed an increase in bouton number and overexpression of DNlg3 with a muscle-specific Gal4 reduced the bouton number, indicating that DNlg3 negatively regulated NMJ growth. At Drosophila NMJs, the type I bouton is a glutamatergic synapse similar to mammalian AMPA/kainate synapses. As described above, the fly NMJ glutamate receptors are heterotetrameric complexes composed of GluRIIC, GluRIID, GluRIIE and either GluRIIA or -IIB. The type IIA-and -IIB-containing receptor complex differs in synaptic responses and electrophysiological properties (48) . Our results showed that GluRIIA recruitment but not GluRIIB was impaired in dnlg3 mutants, suggesting that DNlg3 specifically regulated GluRIIA-containing glutamate receptors at NMJs and maybe through direct regulation of the GluRIIA receptor. Ultrastructural results showed that presynaptic vesicle size was increased, and vesicle number was reduced in dnlg3 mutants, and postsynaptic density maturation was abnormal in dnlg3 mutants. Correspondingly to the ultrastructural results, we found that synaptic vesicle endocytosis was impaired in dnlg3 mutants. Consistent with morphological changes, synaptic transmission was altered in dnlg3 mutants. Both EJP amplitude and mEJP frequency were significantly reduced in dnlg3 mutants. It seems that reduced EJP amplitude was caused by impaired vesicle endocytosis and reduced GluRIIA targeting, and reduced mEJP frequency was caused by decreased presynaptic vesicle number. Although altered vesicles size and impaired GluRIIA targeting were observed in dnlg3 mutants, the mEJP amplitudes were not significantly changed. One possible explanation was that unaltered mEJP amplitude was caused by the integral effect of enlarged vesicles and reduced GluRIIA in dnlg3 mutants. Consistently, previous studies have shown that enlarged vesicles give rise to an increase in mEJP amplitudes (41, 43) , and reduced postsynaptic GluRIIA levels result in decreased mEJP amplitudes (35, 36, 49) .
It was shown that there are two different sizes of DNlg3 proteins in WT flies by Western blotting assay with antibody against the C-terminal region of DNlg3. One band is around 130 kDa, suggesting that it is likely a full-length DNlg3. The other band is about 90 kDa, which is much smaller than the predicted DNlg3 protein. This phenomenon was also observed in 70-kDa endogenous DNlg2 proteins, which is not coded by alternatively spliced mRNA (20) . This indicates that Drosophila neuroligins might undergo post-translational processing. In favor of post-translational cleavage of DNlg3, a full-length DNlg3 coding sequence (cDNA of DNlg3) was expressed under neuron-specific Gal4, Elav-Gal4 in WT background. The result showed that protein levels of both two forms were significantly increased in Elav-Gal4 overexpression lines by Western blotting (data not shown), indicating the two forms derived from the full-length DNlg3 protein. More recent studies on mammalian neuroligin1 have shown that neuroligin1 undergoes proteolytic cleavage, and it seems that neuroligin1 cleavage plays important roles in synaptic transmission and spinogenic function (50, 51) . It suggests that post-translational processing is a common event in maturation and function in Nlg molecules of vertebrates or invertebrates.
We also note that loss of the dnlg3 gene gives rise to significantly different effects at NMJs from dnlg1 or dnlg2. These differences are evident in bouton number, bouton morphology, synaptic organization, and receptor composition.
Although similarly to DNlg1 and DNlg2, DNlg3 is also located at glutamatergic boutons, and its effects on bouton development are distinct from DNlg1 and DNlg2. Both dnlg1 and dnlg2 null mutants show reduced bouton numbers, and dnlg1 mutants show increased bouton size (19 -21) , whereas dnlg3 null mutants show increased bouton numbers and decreased bouton size (Fig. 4) . The dnlg3 null mutants also exhibit synaptic changes that are distinct from dnlg1 and dnlg2 null mutants. These include impaired presynaptic vesicle endocytosis, increased PSD length (both phenotypes were not observed in dnlg1 and dnlg2 mutants), and reduced recruitment of GluRIIA (but not GluRIIB, which is selectively reduced in dnlg2 null mutants, and some boutons or synapses in dnlg1 mutants totally lost postsynaptic glutamate receptors, indicating that DNlg1 is involved in both GluRIIA and GluRIIB recruitment). Our results combined with the results of dnlg1 and dnlg2 suggest that different members of the DNlg family play different roles in NMJs, and they may regulate NMJs through distinct mechanisms.
